The p38 MAPK pathway plays a pivotal role in controlling cell responses to stress. Results: FBXO31 fine-tunes p38 MAPK signaling and protects cancer cells from genotoxic stress by promoting degradation of the p38 activator MKK6. Conclusion: FBXO31 is a novel negative regulator of MKK6-p38 signaling. Significance: This report sheds new light on the protective mechanism of FBXO31 in stress-induced apoptosis.
Ubiquitination is an important posttranslational modification that plays crucial roles in cell cycle regulation, DNA repair, apoptosis, innate immune response, and neuron degeneration (1) (2) (3) (4) (5) . In canonical ubiquitination, Lys-48-linked polyubiquitin chains label substrates for proteasome-dependent degradation. Recognition and ubiquitination of substrates are achieved by sequential action of three enzymes, namely E1 (ubiquitin-activating enzyme), E2 (ubiquitin-conjugating enzyme), and E3 (ubiquitin ligase). The Skp1⅐Cul1⅐F-box protein complex belongs to the cullin RING E3 ligase superfamily. Within this complex, the F-box domain of F-box protein interacts with S phase kinase-associated protein 1 (Skp1) which, in turn, binds with cullin 1 (Cul1). F-box proteins confer substrate specificity by recognizing a discrete number of phosphorylated substances through protein-protein interaction domains located carboxyl-terminal to the F-box domain (6) . F-box only protein 31 (FBXO31) belongs to an F-box protein family with no recognizable substrate binding domains. FBXO31 is a new player in the DNA damage response (7) , and the only substrate reported to date is cyclin D1 (8) . Given the diversity of substrates of F-box proteins, it is expected that FBXO31 may have other undiscovered substrates and regulatory functions when responding to genotoxic stresses.
p38 MAPK is the mammalian ortholog of yeast Hog1p MAPK and is activated by growth factors, proinflammatory cytokines, and environmental stresses, therefore playing a pivotal role in inflammatory responses and stress responses (9, 10) . Activation of p38 MAPK is by dual phosphorylation on the threonine and tyrosine residues of the "TGY" motif by MAPKK3 (MKK3), MAPKK6 (MKK6), and MAPKK4 (MKK4). Among the p38 activators, MKK6 can activate all p38 family members, including p38␣, p38␤, p38␥, and p38␦, in response to a variety of external stimuli (11) . Under physiological conditions, activation of the MKK6-p38 signaling pathway is transient and well balanced by deactivation (12) . Long term activation of p38 can induce cell apoptosis (13) (14) (15) . However, compared with MKK6-p38 activation, little is known about how deactivation of MKK6-p38 is regulated. Phosphorylation and ubiquitination are two important posttranslational modifications that regulate protein kinase activity and signal pathway transduction. Dephosphorylation by phosphatases has been found to play an important role in deactivating the MKK6-p38 signaling pathway (16) , but involvement of ubiquitination in deactivation of the MKK-p38 cascade is barely known.
Here we identify FBXO31 as a negative regulator of the p38 signal transduction pathway. By interacting with phosphorylated MKK6 and triggering Lys-48-linked ubiquitination and degradation of MKK6, FBXO31 exerts antiapoptotic effects on cancer cells responding to stress stimuli.
EXPERIMENTAL PROCEDURES
Plasmids and Reagents-Myc-FBXO31 plasmids were generated by PCR amplification from a breast cDNA library and cloned into the pBabe-retro vector at the EcoRI and SalI restriction sites. FLAG-tagged, full-length FBXO31 and FBXO31 truncation mutants were obtained by PCR amplification and cloned into the pEGFPC2 vector (Clontech, Palo Alto, CA). GST-FBXO31 plasmids were prepared using PCR and cloned into the pGEX-4T-1 vector (Amersham Biosciences). The HA-MKK3, HA-MKK6, HA-MKK6A, and FLAG-p38␣ plasmids were provided by Prof. Jiahuai Han (Xiamen University, China). The myc-tagged ubiquitin WT, K48R, K63R, and K48/63R plasmids were provided by Prof. X. M. Zhang (Institute of Basic Medical Sciences, National Center of Biomedical Analysis, Beijing, China). PLKO.1 scrambled shRNA (plasmid 1864), FLAG-MKK6 (plasmid 13517), and FLAG-MKK6 (S207E/ T211E) (plasmid 13518) were obtained from Addgene (Cambridge, MA) (17, 18) . FLAG-MKK6 (S207A) and FLAG-MKK6 (T211A) were generated using a site-directed mutagenesis kit (Stratagene, La Jolla, CA). Mission FBXO31 shRNAs were purchased from Sigma-Aldrich (St. Louis, MO). The sequences of shRNA#1 and shRNA#2 targeting the 3Ј UTR and coding sequence of FBXO31, respectively, were CCGGGCCTCAGTGC-ATTTGGCAAATCTCGAGATTTGCCAAATGCACTGAGG-CTTTTTG and CCGGGTTCATCTACACCAGTCAGTAC-TCGAGTACTGACTGGTGTAGATGAACTTTTTTG.
Human TNF␣ and EGF were purchased from PeproTech (Rocky Hill, NJ). Doxorubicin and cycloheximide were purchased from Sigma-Aldrich. MG132 was obtained from Merck Bioscience (Darmstadt, Germany). Phosphatase was obtained from New England Biolabs (Ipswich, MA).
Cell Culture and Establishment of Stable Cell Lines-The esophageal squamous cell carcinoma cell lines KYSE150, KYSE510, KYSE30, and KYSE410 (19) , obtained from DSMZ (Braunschweig, Germany), were cultured in RPMI 1640 medium (Sigma) containing 10% FBS (Invitrogen). The ESCC 2 cell line T.Tn was cultured in DMEM/F12 (Invitrogen) supplemented with 10% FBS (20) . HeLa cells, HEK293 cells, and the packaging cells 293 Phoenix and 293T were cultured in DMEM containing 10% FBS. KYSE410 and T.Tn cells were used for a stable overexpression study, whereas KYSE150 and KYSE510 cells were used to construct stable FBXO31 knockdown cell lines. The 293T cells were first transfected with either scrambled shRNA or FBXO31 shRNA-containing plasmids using Lipofectamine 2000 (Invitrogen) following the instructions of the manufacturer. The viral supernatant was then collected and used to infect KYSE150 and KYSE510 cells. The stable integrants were selected with puromycin (Sigma). The same protocol was used to generate FBXO31 stable overexpression cell lines selected with G418 (Invitrogen).
Immunoblotting, Immunoprecipitation, and AntibodiesPreparation of whole cell lysates and immunoblotting were performed as described previously (21) . For the immunoprecipitation assay, cells transfected with the indicated plasmids were harvested with NETN buffer containing 1 mM PMSF, 2.5 g/ml aprotinin, 1 g/ml leupeptin, and 1 mM activated sodium orthovanadate, and then cell lysates were incubated with the appropriate antibody (1 g) for 4 h at 4°C, followed by 2 h of incubation with protein-A-Sepharose beads (GE Healthcare). The beads were washed in four changes of lysis buffer and eluted in 20 l of 2ϫ SDS/PAGE sample buffer for immunoblotting. Anti-FBXO31 antibody (catalog no. ab86137) was purchased from Abcam (Cambridge, UK). Antibodies against cyclin D1, phospho-p38␣, and total p38␣ were from BD Biosciences. Pan-poly(ADP-ribose) polymerase and cleaved caspase 3 antibodies were obtained from Cell Signaling Technology (Beverly, MA). Anti-myc (9E10), anti-myc (A-14), and antiactin antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-HA (rabbit) and anti-FLAG (M2) antibodies were purchased from Sigma-Aldrich. Anti-HA (mouse) and anti-MKK6 were purchased from Covance (Berkeley, CA) and Gentaur (Brussels, Belgium), respectively. Anti-Lys-48Ub and anti-K63Ub antibodies were from Millipore (Billerica, MA). Experiments involving immunoblotting and immunoprecipitation were performed at least three times (i.e. three biological replicates). For immunoblotting, cell samples in each experiment were pooled from triplicate wells of 6-well culture plates for protein extraction. The most representative set of immunoblots is presented in the figures.
In Vivo Ubiquitination-HEK293 cells were transfected with the indicated plasmids. After 24 h, cells were treated with 10 M MG132 for 6 h and then harvested with 100 l of cell lysis buffer (1% SDS, 150 mM NaCl, 10 mM Tris-HCl (pH 8.0) with 2 mM sodium orthovanadate, 50 mM sodium fluoride, and protease inhibitors). The cell lysates were then boiled immediately for 10 min, followed by brief sonication. An aliquot of 900 l of dilution buffer (10 mM Tris-HCl (pH 8.0), 150 mM NaCl, 2 mM EDTA, and 1% Triton) was added to the lysate, and the mixture was incubated at 4°C for 30 -60 min with rotation. Then, samples were centrifuged at 20,000 ϫ g for 30 min at 4°C. Supernatants were collected and incubated with HA antibody (1 g) overnight at 4°C with rotation. Protein-A-Sepharose beads (GE Healthcare) were added to the mixture the following day. After incubation for 2 h, the beads were washed four times with lysis buffer and eluted in 20 l of 2ϫ SDS/PAGE sample buffer for immunoblotting.
GST Pulldown Assay-GST and GST-FBXO31 fusion proteins were expressed and purified according to the instructions of the manufacturer (Amersham Biosciences Pharmacia). The GST pulldown assay was performed as described previously (22) .
Flow Cytometry-About 1-2 ϫ 10 6 single cells pooled from replicate cultures of the same experiment were harvested and washed in cold PBS twice and then fixed in 70% ethanol overnight. The next day, cells were washed once in cold PBS and then incubated in propidium iodide buffer (PBS containing 40 g/ml propidium iodide and 100 g/ml RNase) at 37°C for 30 min prior to analysis by flow cytometry (BD FACSCanto II Analyzer, BD Biosciences). The percentage of sub-G 1 population indicative of cell death was analyzed with FlowJo using Dean-Jett-Fox methods.
The mean value was calculated from three independent experiments.
Colony Survival Assay-Cancer cells were seeded in 6-well plates at 0.5-1 ϫ 10 4 cells/well in triplicates and then subjected to 50 J/m 2 UV irradiation the next day, after cells were attached to the plate. After 10 days, the colonies were fixed, stained with crystal violet, and counted. The mean value was obtained from three independent experiments.
Immunocytochemistry-Cells were fixed in 4% paraformaldehyde for 15 min at room temperature and then permeabilized with 0.25% Triton X-100 for 5 min. The cells were incubated with 1:500 anti-FBXO31 antibody (Abcam) and anti-HA (Sigma) for 1 h, followed by three washes in PBS, and then incubated with 1:2000 secondary antibodies (Alexa Fluor 488 donkey anti-rabbit IgG or Alexa Fluor 594 donkey anti-mouse IgG, Invitrogen) for 1 h. Immunostaining of cells was visualized using confocal microscopy (LSM 700, Carl Zeiss, NY) with a ϫ63 objective.
Statistical Analysis-The results were analyzed using SPSS (Aspire Software International, Leesburg, VA). Means Ϯ S.E. were calculated from at least three independent experiments and compared by analysis of variance. All statistical tests were two-sided, and p Ͻ 0.05 was deemed statistically significant.
RESULTS

AccumulationofFBXO31InhibitsSustainedp38Phosphoryla-tion in Response to
Genotoxic Stress-Because FBXO31 has been reported to be a DNA damage-responsive protein (8), we first investigated the FBXO31 expression level under genotoxic stresses. Induction of FBXO31 was observed upon ionizing radiation, UV irradiation, doxorubicin, TNF␣, and EGF treatment (Fig. 1A) . Temporal changes of FBXO31 and p38 in HeLa cells after treatment with UV irradiation, TNF␣, and EGF showed a transient increase of phosphorylated p38 (p-p38), indicating p38 activation, followed by a drop in p-p38 that coincided with FBXO31 accumulation (Fig. 1B) .
Gain of function and loss of function studies were performed to determine whether FBXO31 has a regulatory role in p38 MAPK signaling. Overexpression of FBXO31 led to suppressed p38 phosphorylation in serum-starved cells with or without UV stress (Fig.  1C) , whereas knockdown of FBXO31 induced the expression of p-p38 (Fig. 1D) . Furthermore, shRNA rescue experiment showed that ectopic expression of wild-type FBXO31 in a stable knockdown cell line expressing shRNA#1, which targets the 3Ј UTR of FBXO31 mRNA, could abolish p38␣ phosphorylation induced by FBXO31 knockdown (Fig. 1E ), therefore confirming that FBXO31 can negatively regulate p38 signaling. Because both the amplitude and duration of p38 MAPK activation can affect cell fate, we compared the temporal changes in p-p38 expression between FBXO31 knockdown cells and vector control cells after UV exposure. The results indicated that, unlike control cells in which p38 phosphorylation peaked at 0.5 h, cells with stable FBXO31 knockdown showed enhanced and sustained p38 phosphorylation up to 8 h after UV exposure (Fig. 1F) .
FBXO31 Interacts with MKK6-To explore the underlying mechanism by which FBXO31 regulates the p38 MAPK pathway, we investigated the interaction of FBXO31 with p38␣ and its upstream MAPKKs. Coimmunoprecipitation results showed that myc-FBXO31 could interact with HA-MKK6 but not FLAG-p38 or other tagged MAPKKs, namely MKK3 and MKK4 ( Fig. 2A) . Importantly, we verified the association of endogenously expressed FBXO31 and MKK6 using immunoprecipitation and found that it was stimulated by UV irradiation (Fig. 2B) . A GST pulldown assay was performed to study the temporal changes in the interaction between MKK6 and FBXO31 upon genotoxic stress. The results showed a robust interaction between GST-FBXO31 and endogenous MKK6 that reached maximum at 3 h under UV irradiation and TNF␣ treatment (Fig. 2C) , indicating that FBXO31 recognizes and binds with MKK6 upon stresses. Substrate recognition and binding domains for most F-box proteins are localized at the COOH terminus downstream of the F-box motif (23) . Because FBXO31 belongs to the F-box only family of proteins that have no recognizable substrate binding domains, we next truncated FBXO31 to study which domains are required for its interaction with MKK6. Domain mapping results showed that amino acids 116 -240 and 351-475, which located at the COOH terminus of the F-box motif of FBXO31, were essential for MKK6 binding (Fig. 2D ). This was confirmed by the diminished interaction between MKK6 and FBXO31 upon deletion of amino acids 116 -240 and 351-475 (Fig. 2E , ⌬116 and ⌬351) in FBXO31.
Because F-box proteins generally require a posttranslational modification of the substrate, we investigated whether recognition of MKK6 as substrate by FBXO31 is phosphorylation-dependent. Phosphatase abrogated the interaction between GST-FBXO31 and endogenous MKK6 in the absence of the phosphatase inhibitor sodium orthovanadate (Fig. 3A) , suggesting that FBXO31 binds with phosphorylated MKK6. It could be seen that serum-starved cells without UV treatment also expressed a low level of p-MKK6 (Fig. 3A, first lane) . This phenomenon helps explain the p-MKK6 expression and background FBXO31-MKK6 interaction observed in Fig. 2 , A-E, which were induced by serum starvation or transfection reagents in cells without UV irradiation. Because activation of MKK6 occurs through dual phosphorylation on Ser-207 and Thr-211 (24), we investigated which phosphorylation sites are required for FBXO31 binding. We found that the phosphorylation mimic FLAG-MKK6 (S207E/T211E) showed a marked increase in FBXO31 binding, whereas mutation of S207A or T211A decreased the interaction (Fig. 3B) . These results indicate that FBXO31 can recognize the activated form of MKK6.
FBXO31 Induces Lys-48-linked Polyubiquitination and Degradation of MKK6-Because FBXO31 has been reported to interact with Cul1 and Skp1 at its F-box domain (25) and because our results showed that FBXO31 could bind with p-MKK6, it raised the possibility that MKK6 is a potential substrate for Skp1⅐Cul1⅐F-box protein FBXO31 E3 ligase and that FBXO31 may mediate MKK6 ubiquitination. To explore this possibility, an FBXO31 mutant with F-box deletion (⌬F) was constructed. An in vivo ubiquitination assay using HEK293 cells cotransfected with myc-tagged ubiquitin expression vectors and different combinations of HA-MKK6, FLAG-tagged WT-FBXO31, ⌬116 and ⌬351-FBXO31, and ⌬F-FBXO31 showed that only WT-FBXO31,
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but not its mutants, could induce polyubiquitination of HA-MKK6 under proteasomal inhibition with MG132 (Fig. 4A) . To further confirm this effect, endogenous ubiquitination of MKK6 in the FBXO31 knockdown cells and control cells with and without UV irradiation were compared. The results showed that UV irradiation enhanced the ubiquitination on MKK6 compared with the untreated cells, suggesting posttranslational regulation of MKK6 upon stress. Knockdown of FBXO31 decreased the stress-induced MKK6 ubiquitination (Fig. 4B) . To determine which type of ubiquitin linkage was covalently attached to MKK6 by FBXO31, the ubiquitin mutant plasmids K48R, K63R, and K48/63R, which block the generation of polyubiquitin chain through Lys-48, Lys-63, and both Lys-48 and Lys-63, respectively, were used. The results showed that overexpression of FBXO31 promotes Lys-48-linked, rather than Lys-63-linked, polyubiquitination of HA-MKK6 (Fig. 4C) . The role of FBXO31 in mediating Lys-48-linked polyubiquitination of MKK6 was further confirmed by the increase in Lys-48 ubiquitin but not Lys-63 ubiquitin conjugates on HA-MKK6 in FBXO31-overexpressing cells (Fig. 4D) . These results substantiate that FBXO31 induces Lys-48-linked polyubiquitination of MKK6. 2 ), doxorubicin (DOX, 1 g/ml, 6 h), TNF␣ (100 ng/ml, 6 h), or EGF (10 ng/ml, 3 h). FBXO31 and actin protein levels in cell lysates were determined by immunoblotting. B, HeLa cells were exposed to various stressors that included 5 gray of ionizing radiation (followed by culture for 3 h), 50 J/m 2 UV irradiation (followed by culture for 3 h), doxorubicin (1 g/ml for 6 h), TNF␣ (100 ng/ml for 6 h), or EGF (10 ng/ml for 3 h) and then harvested to immunoblot for FBXO31, p-p38, total p38, and actin expression. C, FBXO31 suppresses p38 activation. Serum-starved HeLa cells and the ESCC cell lines KYSE410 and T.Tn with stable expression of FBXO31 or empty vector were harvested 30 min after treatment with or without 50 J/m 2 UV exposure for Western blot analysis. p38 MAPK pathway activation was compared using p-p38␣ antibody. D, cell lysates from serum-starved KYSE150 and KYSE510 cells with stable expression of the indicated shRNA were subjected to immunoblotting for p-p38, total p38, FBXO31, and actin expression. Scr, scrambled. E, ectopic expression of wild-type FBXO31 in the FBXO31 knockdown cell line reversed p38␣ phosphorylation. F, Western blot analysis showing temporal changes in p38 MAPK activation in KYSE510 cells with or without stable FBXO31 knockdown over a period of 8 h after 50 J/m 2 UV irradiation.
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Because Lys-48-linked polyubiquitin predominantly marks substrates for proteasomal degradation (26), we proceeded to study whether FBXO31 affects MKK6 stability. Knockdown of FBXO31 in KYSE150 cells led to up-regulation of endogenous phosphorylated and MKK6 expression compared with cells expressing scrambled shRNA after 24 h of serum starvation ( 
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5A). Transient overexpression of FLAG-FBXO31 decreased endogenous MKK6 expression in a dose-dependent manner, whereas the ⌬F and ⌬116 and ⌬351 mutants had no effect (Fig.  5B) . MG132 treatment reversed the FLAG-FBXO31-mediated reduction in MKK6 protein, suggesting that UV-induced MKK6 degradation is via the ubiquitin-proteasome system (Fig. 5B) . Cycloheximide chase experiments showed that overexpression of FBXO31 decreased the turnover of endogenous MKK6 (Fig. 5C ), whereas knockdown of FBXO31 delayed the UV-induced MKK6 reduction (Fig. 5D) .
FBXO31 Suppresses Stress-induced Cell Apoptosis by Modulating the MKK6-p38 Pathway-Gain of function experiments
showed that overexpression of FBXO31 decreased MKK6 and p-MKK expression and protected cells from UV-induced apoptosis, as evidenced by lower expressions of cleaved caspase 3 and poly(ADP-ribose) polymerase (Fig. 6A ) and the lower sub-G 1 populations (Fig. 6B ) compared with control cells expressing the empty vector. Because our data showed that FBXO31 accumulation occurred after p38 activation (Fig. 1B) and that increased FBXO31 could recognize activated MKK6 and facilitate MKK6 proteasomal degradation (Figs. 3 and 5) , we hypothesized that FBXO31 may suppress stress-induced cell apoptosis by modulating the MKK6 pathway. Higher expressions of cleaved caspase 3 and cleaved poly(ADP-ribose) polymerase, accompanied by up-regulation of MKK6 and p-MKK6, were detected in ESCC cell lines with stable FBXO31 knockdown after UV irradiation compared with cells expressing scrambled shRNA (Fig. 6C) . Flow cytometry and a colony survival assay also confirmed that knockdown of FBXO31 sensitized ESCC cells to UV stress, resulting in an increased sub-G 1 population (Fig. 6D ) and less colony formation (Fig. 6E) . In addition, overexpression of WT-FBXO31, but not the F-box deletion mutant (Fig. 6F, ⌬F) or MKK6-binding deletion mutant (Fig. 6F, ⌬116 & ⌬351) , in stable FBXO31-knockdown cells reversed the up-regulation of MKK6 and p-MKK6 and rescued the apoptosis induced by knockdown of FBXO31, indicating that the effect of FBXO31 on apoptosis is dependent on an intact F-box and interaction with MKK6. To further confirm that regulation of cell apoptosis by FBXO31 is mediated via MKK6, a dominant negative form of MKK6 (MKK6A) (24) was overexpressed in the stable FBXO31 knockdown cell line KYSE510-shRNA#1. The data showed that apoptosis induced by knockdown of FBXO31 was abrogated by MKK6A (Fig. 6G) . Collectively, these results indicate that MKK6 is a major mediator through which FBXO31 regulates cell apoptosis. Whole cell lysates were immunoprecipitated (IP) with HA antibody (for MKK3 and MKK6) or FLAG antibody (for MKK4 and p38), and then myc antibody was used to immunoblot (IB) for FBXO31 binding. B, untransfected HEK293 cells were serum-starved for 24 h and then treated with or without UV irradiation, followed by MG132 for 6 h. Cell lysates were immunoprecipitated with anti-FBXO31 antibody, which efficiently pulled down endogenous MKK6. Normal IgG was used as a negative control. FBXO31-bound proteins and whole cell lysates (input) were immunoblotted. C, HEK293 cells were serum-starved for 24 h and then treated with 50 J/m 2 UV irradiation or 100 ng/ml TNF␣. Cell lysates were harvested at the indicated times and incubated with GST-FBXO31-bound beads. The endogenous MKK6 binding was then analyzed by immunoblotting. The intensity of the MKK6 bands was quantified using ImageJ (National Institutes of Health, Bethesda, MD) and normalized to captured GST-FBXO31. D, HEK293 cells were transfected with the HA-MKK6 plasmid and FLAG-FBXO31 or its truncation vectors. Cell lysates were immunoprecipitated using HA antibody, and the bound proteins were analyzed by immunoblotting with anti-FLAG antibody to map the MKK6-binding regions on FBXO31 binds with phosphorylated MKK6 . A, serum-starved HEK293 cells were treated with or without UV irradiation and then cultured for 3 h. Lysates from cells treated with UV irradiation were subjected to phosphatase treatment in the absence or presence of sodium orthovanadate (Na 3 VO 4 ) at 30°C for 30 min. Then, cell lysates were incubated with GST-FBXO31-bound beads at 4°C overnight. Endogenous MKK6 binding was analyzed by immunoblotting (IB). B, HEK293 cells were transfected with myc-FBXO31 plasmids and plasmids encoding an empty vector (EV) or FLAG-tagged MKK6 derivatives (WT, S207E/T211E, S207A, and T211A). Whole cell lysates were immunoprecipitated (IP) with myc antibody, and then FBXO31 and FLAG antibodies were used for immunoblotting.
DISCUSSION
We identified FBXO31 as a novel negative regulator that deactivates MKK6-p38 signaling when cancer cells respond to genotoxic stresses. Under normal conditions, cells exposed to environmental stress typically exhibit rapid activation and decay of MAPK activity (27) . It is believed that the deactivation The bound proteins and whole cell lysates were analyzed by immunoblotting (IB) with anti-myc for ubiquitin (myc-Ub), anti-HA for MKK6 (HA-MKK6), and anti-FLAG for FBXO31 (FLAG-FBXO31) and its mutants. B, KYSE150 cells expressing scrambled shRNA or FBXO31 shRNA#1 were transfected with myc-Ub plasmids for 24 h and then subjected to UV irradiation, followed by treatment with 20 M MG132 for 4 h. Cell lysates were immunoprecipitated with anti-MKK6 antibody. C and D, HEK293 cells transfected with indicated plasmids were treated as described in A. The HA-bound proteins and whole cell lysates in D were immunoblotted for Lys-48 (K48) and Lys-63 (K63) linkage-specific polyubiquitin using specific antibodies.
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of the MAPK pathway is a consequence of negative feedback loops that regulate kinase activity, abundance, and cellular localization through changes in kinase phosphorylation and ubiquitination (28 -31) . Degradation of kinases within the MAPK cascade by the ubiquitin-proteasome pathway to attenuate MAPK signaling has been reported for certain MAPKK kinases (MEKK1 and MEKK2) (32, 33) , MAPKs (ERK2 and ERK7) (34, 35) , and MAPKKs such as MKK4, which is ubiquitinated by E3 ligase itch (a homologous to the E6-AP carboxyl terminus (HECT) domain-containing Nedd4-like ubiquitin protein ligase) and degraded to negatively regulate JNK activation (31) . Whether degradation of MKK6 is involved in deactivation of p38 signaling has not been defined. Here our discovery that FBXO31 mediates Lys-48-linked ubiquitination and degradation of MKK6 to down-regulate p38 activation adds an important piece to the puzzle. Our data show that rapid activation of p38 precedes FBXO31 accumulation (Fig. 1B) . This delicate temporal regulation may serve as a mechanism that allows the downstream effects of p38 activation, such as transcriptional regulation on stress-responsive genes, to take place in a fine-tuned manner, with accumulation of FBXO31 (which recognizes phosphorylated MKK6 and degrades MKK6) acting as a "brake" to prevent long term or overactivation of MKK6-p38 signaling. Therefore, our findings support that FBXO31 provides a mechanism other than dephosphorylation to facilitate deactivation of MKK6-p38 signaling and maintain cellular homeostasis. Phosphorylation of MKK6 on Ser-207 and Thr-211 was found to be important for FBXO31 binding (Fig. 3B) . Because these two residues are dually phosphorylated by MAPKK kinases upon stresses and essential for activation of MKK6 and, in turn, p38 phosphorylation, it is likely that FBXO31 has the ability to sense the initial target kinase activity.
Our discovery that FBXO31 accumulates and mediates MKK6 degradation in cancer cells responding to genotoxic stresses shed new light on its role as a protective mechanism against stress-induced cell apoptosis. The positive correlation between FBXO31 expression and apoptosis of UV-irradiated ESCC cells demonstrated in this study is consistent with the findings of Santra et al. (8) showing that RNAi-mediated knockdown of FBXO31 can markedly sensitize melanoma cells to ␥ irradiation. However, they found that this effect is mediated by deregulation and proteolysis of cyclin D1, which serves as a substrate for FBXO31. Interestingly, knockdown of FBXO31 did not affect cyclin D1 expression, nor did it rescue DNA damage-induced cyclin D1 degradation in ESCC cell lines. 3 Considering that F-box proteins can bind with a diversity of substrates and that each substrate may be regulated by many different E3 ligases, depending on cell type and substrate modification (such as phosphorylation) (36), we speculate that, for ESCC cells, cyclin D1 is not the major substrate of FBXO31 and that it does not mediate the antiapoptotic effect of FBXO31. On the contrary, our data in Fig. 6 , F and G, strongly implicate MKK6 as a major mediator through which FBXO31 regulates cell apoptosis.
Taken together, we identified FBXO31 as a novel negative regulator that deactivates MKK6-p38 signaling when cells respond to genotoxic stresses. This provides a mechanism other than dephosphorylation to facilitate the deactivation of stress-activated signaling.
